; KNOX homeodomain (HD) proteins encoded by KNOTTED1-like homeobox genes (KNOX genes) are thought to work as switches for cells to change from an indeterminate to a determinate state, although their direct functions are not clear. In the process of isolating KNOX genes from rice, we found that one gene, named OSH3, has two amino acid substitutions in three of the invariant amino acid residues in the HD of KNOX proteins. These amino acid substitutions are not universal in rice: two of the cultivars from the Indica variety of rice do not carry those substitutions but two of the cultivars from Japonica variety do. We tested the effect of these amino acid substitutions on their ability to form dimers and to induce abnormal morophologies when overexpressed in transgenic plants. We found that OSH3 without those substitutions can form dimers and can induce an abnormal phenotype in overexpression studies, and that OSH3 with those amino acid substitutions is defective in both. Based on these observations, we concluded that OSH3 from two of the cultivars from the Japonica variety could have lost its original function, or could have acquired a novel function by modifying the action of HD, or both.
Introduction
The entire ground portion of a plant body is an assembly of shoot units termed phytomeres, which consist of an axillary bud, a stem and a leaf. The shoot apical meristem (SAM) continuously produces phytomeres, at the same time maintaining itself as a collection of indeterminate stem cells (Steeves and Sussex 1989) . KNOX homeodomain (HD) proteins encoded by KNOTTED1-like homeobox genes (KNOX genes) are preferentially accumulated in the indeterminate stem cells around SAM, but not in the determinate lateral organs (Smith et al. 1992 , Jackson et al. 1994 , Sentoku et al. 1999 . Based on these expression patterns, KNOX genes are thought to be involved in the process of making lateral organs or the maintenance of stem cells in SAM (Smith et al. 1992) . KNOX genes are composed of a relatively small gene family in each species . Based on the sequence of HD, they are divided into two classes, Class I and Class II. Class I KNOX genes are more likely involved in the morphogenetic events in SAM, since they are expressed only in SAM and its surrounding area.
In order to understand the function of KNOX genes, isolation of recessive mutations at KNOX gene loci will be inevitable. Recent new molecular and genetic tools have made it possible to introduce or identify mutations in particular genes of interest in some model plants, such as Arabidopsis, maize and rice. In Arabidopsis, loss-of-function mutations in one of the KNOX genes, shootmeristemless, result in embryos with no shoot apical meristems (Long et al. 1996) . Similar mutations are reported in maize knotted1 (Kerstetter et al. 1997) , although the limited shoot phenotype, in which the embryonic shoots stop making leaves due to the abortion of SAM, is highly dependent on the genetic background (Vollbrecht et al. 2000) . In these mutants, cells in SAM are thought to be consumed for the differentiation of lateral organs because of the defect in maintaining indeterminate cells. By contrast, gain-of-function mutations that result in ectopic expression of KNOX genes in maize cause overgrowth of leaf tissues due to the presence of cells of indeterminate character in leaves with determinate cells (Freeling 1992 , Smith et al. 1992 . Similarly, overexpression of KNOX genes in transgenic rice, tobacco and Arabidopsis cause abnormal leaf development (Lincoln et al. 1994 , Chuck et al. 1996 , Nishimura et al. 2000 , Sentoku et al. 2000 . Thus, KNOX genes are considered to work as switches for the cells to change from an indeterminate to a determinate state (Sinha and Hake 1994) .
Typical HDs consist of a conserved 60 amino acid domain containing three =-helices that form a helix-turn-helix DNAbinding motif (Desplan et al. 1988 , Otting et al. 1990 ). This motif recognizes and binds to specific DNA sequences and thus the HD proteins can regulate the expression of target genes by acting as transcriptional factors. On the other hand, there is a family of atypical HD proteins containing three extra amino acid stretches between the first and second helices in their HD structures (Bürglin 1997) . Based on this unique feature, proteins with these atypical HDs have been designated TALE (three amino acid loop extension) HD proteins. All KNOX proteins are members of this superclass (Bürglin 1997) .
To understand the function of KNOX proteins in plant development, we isolated members of KNOX genes from a rice Nipponbare cultivar (Sentoku et al. 1999 ). In the process of isolating these genes, we found that one gene, named OSH3, has two amino acid substitutions in three of the invariant amino acid residues in the HD of the TALE family. Considering that these amino acid residues are conserved among the TALE HDs from plants and animals, they should be critical for the function of TALE HD proteins. Therefore, OSH3 from Nipponbare may encode a non-functional protein. Sequence analysis of OSH3 from four different cultivars of rice revealed that these amino acid substitutions in the HD are not universal in rice, but are specific to the Japonica varieties we tested. In this paper, we show that OSH3 from Nipponbare is defective in dimerization and that overexpression of OSH3 does not cause abnormal leaf phenotype, which is characteristically observed when KNOX genes are overexpressed, in transgenic rice plants. Based on these observations, we conclude that OSH3 from Nipponbare could have lost its original function, or could have acquired a novel function by modifying the action of HD, or both.
Results
OSH3 from Nipponbare has two amino acid substitutions in three of the invariant amino acid residues in the HDs of the TALE family
The HDs of the TALE family are widely distributed and well conserved among eukaryotes (Fig. 1A) . In higher plants, there are two types of HDs in the TALE family: one is the KNOX type and the other is the BEL type (Bürglin 1997) . A specific characteristic of HDs in TALE family is that they are composed of 63 amino acid residues, while typical HDs are composed of 60 amino acid residues. The extra three amino acids in the TALE HDs reside at the loop between the first and second helices (Fig. 1A) . There are three invariant amino acid residues in the HDs of the TALE family including plants, fungi and animals. These are 28Y, 51W and 56R (indicated by boxes in Fig. 1A ). Considering that these residues are invariant amongst such distantly related organisms, these amino acids should be quite important for the function of the HDs of the TALE family.
We isolated a cDNA encoding one of the KNOX-type HD proteins, OSH3, from a rice cultivar, Nipponbare, by reverse transcription (RT)-PCR, and compared its deduced amino acid sequence with those of other rice KNOX proteins (Fig. 1B) . Surprisingly, OSH3 from Nipponbare encodes an HD with two amino acid substitutions (28Y to N, 51W to C) in three of the most conserved amino acid residues in the HDs of the TALE family. Because we obtained the cDNA clone for OSH3 by RT-PCR, nucleotide substitutions during the process of PCR might have caused these amino acid substitutions. To eliminate this possibility, we amplified and cloned the region of genomic sequences corresponding to the HD of OSH3 from Nipponbare and sequenced them, and found that the corresponding genomic sequences also have those nucleotide substitutions (data not shown). This means that OSH3 from Nipponbare encodes an HD with two amino acid substitutions at 28Y to N and 51W to C.
The amino acid substitutions in the HD of OSH3 (NC) are not universal in all rice cultivars
To test whether these amino acid substitutions are universal in rice, we compared the region of genomic sequences corresponding to the HDs of OSH3 from four cultivars of rice (Fig. 1C) . The analysis of the HDs of OSH3 from Nipponbare and T-65 from the Japonica variety, and IR24 and Kasalath from the Indica variety revealed that these amino acid substitutions are present in Nipponbare and T-65, but not in IR24 or Kasalath. Based on these observations we hypothesized that OSH3 in these Indica cultivars encodes a functional protein, but OSH3 from these Japonica cultivars has lost its original function or has acquired a novel function, or both (see Discussion).
The effect of amino acid substitutions in the HD of OSH3 from Nipponbare on its dimerization
It has been revealed that a region of HD including 28Y and 51W is involved in the dimerization of KNOX proteins (Nagasaki et al. 2001) . This implies that OSH3 may be defective in its dimerization. To test this possibility, we examined the effect of these amino acid substitutions on the dimerization by a yeast two-hybrid assay. We introduced point mutations in OSH3 from Nipponbare [OSH3 (NC)] to encode presumably functional gene products by changing the amino acid residues 28N to Y and 51C to W in the HD [OSH3 (YW)], and confirmed that OSH3 (YW) proteins can interact with each other in yeast (Fig. 2) .
We constructed plasmids which express fusion proteins of OSH3 (YW) and GAL4 activation domain (GAD), or GAL4 DNA binding domain (GBD) in yeast, and transformed yeast cells with those plasmids. The ability of OSH3 (YW) to form a homodimer was monitored by >-galactosidase activity ( Fig.  2A, B ). As expected, yeast expressing GAD-OSH3 (YW) and GBD-OSH3 (YW), which presumably have functional HDs, showed high >-galactosidase activity both in the filter assay and liquid assay. This indicates that OSH3 (YW) proteins can form a homodimer. To confirm the result of the yeast twohybrid assay, we performed an in vitro pull down experiment. The lysate of E. coli expressing fusion proteins of OSH3 (YW) and glutathione S-transferase (GST) or GST alone was incubated with the [ 35 S]methionine-labeled OSH3 (YW). Then, the labeled OSH3 (YW), which was co-purified with GST-OSH3 (YW) or GST by glutathione Sepharose, was separated by SDS-PAGE (Fig. 3A) . The OSH3 (YW) protein was recovered only from the E. coli lysate expressing GST-OSH3 (YW) and not from that expressing GST alone (Fig. 3B ). This indicates that OSH3 (YW) proteins form a dimer in vitro, supporting the Fig. 1 Comparison of HD sequences among TALE families including plant KNOX type. (A) Alignment of HD sequence among TALE family proteins. Identical amino acid residues in comparison with maize KN1 protein are represented as dashes. Boxes show invariant amino acid residues among the TALE family. The bar below TALE indicates the position of three extra amino acids specific to the HD of TALE family. At, Arabidopsis thaliana; Cc, Coprinus cinereus; Ce, Caenorhabditis elegans; Dm, Drosophila melanogaster; Gg, Gallus gallus; Hs, Homo sapiens; Mm, Mus musculus; Os, Oryza sativa; Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe; Xl, Xenopus laevis; Zm, Zea mays. result of the yeast two-hybrid assay.
Next, we tested the ability of OSH3 (NC) to form a homodimer by yeast two-hybrid assay and found that >-galactosidase activity of yeast expressing GAD-OSH3 (NC) and GBD-OSH3 (NC) was very low (Fig. 2A, B) . To confirm that fusion proteins were expressed equally in yeast, we performed Western blot analysis with antibodies, which recognize the hemagglutinin (HA) and Myc epitopes tagged with GAD and GBD respectively. We found that the fusion proteins were expressed almost equally between GAD-OSH3 (YW) and GAD-OSH3 (NC), or GBD-OSH3 (YW) and GBD-OSH3 (NC) (Fig. 2B) . This indicates that the >-galactosidase activity reflects the intensity of the OSH3 homodimer formation. Thus, the results of the quantitative yeast two-hybrid assay indicate that OSH3 (YW) can form a dimer while OSH3 (NC) hardly can.
The effects of overexpression of OSH3 (YW) and OSH3 (NC) in transgenic rice plants
It is a well known phenomenon that the ectopic expression of Class I KNOX genes, whose expressions are normally confined to SAM or its surrounding area, with a constitutive promoter such as actin or a cauliflower mosaic virus 35S RNA promoter results in abnormal plant morphologies (Lincoln et al. 1994 , Chuck et al. 1996 , Sato et al. 1996 , Sato et al. 1998 , Nishimura et al. 2000 , Sentoku et al. 2000 . Using this characteristic of KNOX genes as an index of the activity of KNOX gene products, it is possible to determine the activity of the gene products from OSH3 (YW) and OSH3 (NC) in vivo. That is, if OSH3 (YW) encodes a functional protein, then the transgenic rice plants overexpressing OSH3 (YW) under the control of the constitutive actin promoter should show phenotypes characteristic to the ectopic expression of KNOX genes. If OSH3 (NC) encodes a non-functional protein, then the transgenic plants should be normal (Fig. 4A) . Fig. 4B shows the typical phenotype of transgenic rice plants overexpressing OSH3 (NC) (left panel) and OSH3 (YW) (right panel). No transgenic rice plants overexpressing OSH3 (NC) showed any abnormal morphology. Conversely, overexpression of OSH3 (YW) resulted in severe abnormal morphologies, including leaves with abnormal shapes and ectopic shoots formed on the adaxial side of the leaves. The phenotypes of these transgenic plants were essentially the same as those observed when other members of Class I KNOX genes from rice were overexpressed (Sentoku et al. 2000) . These results indicate that OSH3 (YW) encodes functional gene products. Northern blot analysis revealed that the expression level of transgenes was approximately equal in all transgenic lines or increased slightly in OSH3 (YW) plants (Fig. 4C ). This slight increase in the transcripts in the OSH3 (YW) plants may be caused by their abnormal phenotype with multiple shoots where the endogenous OSH3 gene is specifically expressed. These observations suggested that normal phenotype of the OSH3 (NC) over-expressors is not due to the transgene silencing or to the low level of the transgene expression, but that OSH3 (NC) encodes an inactive gene product. Based on the above observations we concluded that the amino acid substitutions at the conserved residues of HD in OSH3 in Nipponbare result in the loss or severe reduction of the function of HD in terms of the ability to induce abnormal morphologies in the overexpression studies.
Discussion

Is OSH3 (NC) in Nipponbare a loss-of-function allele of OSH3?
HDs are well-known DNA binding domains found in many transcriptional regulators. It has been reported, however, that atypical HDs in the TALE family are also involved in the protein-protein interaction in addition to their DNA-binding ability (Chang et al. 1997 , Rieckhof et al. 1997 , Berthelsen et al. 1998 , Passner et al. 1999 , Nagasaki et al. 2001 . A crystal structure analysis of heterodimer molecules of Drosophila Extradenticle (EXD; a TALE HD) and Ultrabithorax (UBX; a typical HD) has revealed that the loop between the first and second helices of EXD, where one invariant amino acid residue (28Y) in TALE HD is located, directly interacts with the YPWM motif in the N terminus of the UBX HD (Passner et al. 1999) . It has been also reported that one of the rice KNOX proteins, OSH15, forms homo-or heterodimers with other KNOX proteins and that the region of HD including the invariant amino acid residues, 28Y and 51W, is essential for this dimerization (Nagasaki et al. 2001) . Based on these observations, we hypothesized that OSH3 (YW), which has had two mutations introduced in its HD to encode a presumably active HD, forms a homodimer, while OSH3 (NC) does not. The results of the in vitro pull down experiment and the yeast two-hybrid assay support this hypothesis. We also tested whether the defect in dimerization of OSH3 (NC) affects the function of OSH3 (NC) in vivo by a transgenic approach. Overexpression of Class I KNOX genes usually results in abnormal plant morphologies. This phenotype is partially due to the decreased accumulation of active gibberellic acid in leaves, achieved through the direct down regulation of the expression of an enzyme for gibberellic acid biosynthesis by KNOX proteins (Kusaba et al. 1998 , TanakaUeguchi et al. 1998 . Based on these observations, we assumed that overexpression of OSH3 (YW) or OSH3 (NC) also results in an abnormal plant morphology if the gene encodes a functional protein in vivo. As expected, overexpression of OSH3 (NC) did not affect the morphology of transgenic rice plants at all, but overexpression of OSH3 (YW) did. This demonstrates that OSH3 (NC) does not encode a protein whose function is necessary for the induction of abnormal morphologies upon overexpression.
As discussed above, OSH3 (NC) cannot form a dimer, and this should be one of the reasons why OSH3 (NC) does not induce an abnormal phenotype, because defects in dimer formations of OSH15 caused by internal deletions or amino acid substitutions always caused a failure in the induction of abnormal phenotypes in overexpression experiments (Nagasaki et al. 2001 ). However, crystal structure analyses of EXD and UBX indicate that the loop between the first and second helices, and the third helix of HD of EXD are not only involved in proteinprotein interaction, but also in DNA binding (Passner et al. 1999) . In addition, analysis of HD in OSH15 revealed that the regions required for protein-protein interaction and DNA binding overlaps (Nagasaki et al. 2001) . Based on these observations, it is possible that OSH3 (NC) is also defective in DNA binding in addition to protein-protein interaction. These data strongly suggest that OSH3 (NC) in Nipponbare is a loss-offunction allele of OSH3. However, there is also the possibility that OSH3 (NC) has acquired a novel function that is not required for the induction of abnormal morphologies in overexpression studies.
Amino acid substitutions of OSH3 (NC) at the invariant residues in HD may have been introduced during the establishment of Japonica rice
To test the presence of such amino acid substitutions among the orthologues of OSH3 from other species, we compared the sequence of HD in maize KNOX3 gene (Kerstetter et al. 1994 ) that shows the highest amino acid identity with OSH3 from rice. It is not necessarily an orthologue even when the two genes show the highest identity by BLAST search (Koski and Golding 2001) and it is sometimes difficult to find orthologous relationships only by the sequences. In the case of genes among the grass families such as rice and maize, however, identification of orthologous relationships is easier and more reliable, because the synteny map has been constructed precisely (Ahn and Tanksley 1993, Wilson et al. 1999) . KNOX3 in maize is an orthologue of OSH3 in rice, because both genes are mapped to a chromosomal region where the synteny is observed between maize and rice, in addition to the fact that OSH3 and KNOX3 shows the highest amino acid identity (Sentoku et al. 1999) . Indeed both KNOX3 in maize and OSH3 in rice are expressed in the inflorescence meristem (Jackson et al. 1994 , Sentoku et al. 1999 ). This suggests that KNOX3 and OSH3 also share the same function in the development of inflorescence. In the HD of KNOX3, all three invariant amino acid residues in the HD of the TALE family are conserved (Fig.  1A) . This indicates that the amino acid substitutions in OSH3 (NC) occurred after maize and rice diverged.
Sequence analysis of OSH3 from four different cultivars of rice suggests the possibility that the loss-of-function of OSH3 is specific to Japonica or some of the cultivars in the Japonica variety of rice, although other rice varieties such as Javanica and wild species of rice have to be sequenced before drawing such a conclusion. KNOX genes are preferentially expressed in the indeterminate stem cells around SAM and are thought to work as switches for the cells to change from an indeterminate to a determinate state. Considering that OSH3 is expressed in the infloresence meristem, it is possible that OSH3 is involved in the regulation of the infloresence architecture in rice. Since Japonica and Indica rice varieties have different architectures of inflorescences, it is possible that the loss-offunction and/or gain of a novel function caused by the amino acid substitutions at the conserved residues in HD of OSH3 in Japonica could be one of the reasons for the difference.
Materials and Methods
Yeast two-hybrid assays
The vectors and yeast strains were provided in MATCHMAKER Two-Hybrid System 3 (Clontech, Palo Alto, CA, U.S.A.). DNA and yeast manipulations were performed according to the manufacturer's instructions. OSH3 cDNA was isolated by RT-PCR from inflorescence of rice cv. Nipponbare. We designated the clone from Nipponbare as OSH3 (NC), since this clone encodes an HD with two amino acid substitutions (28Y to N and 51W to C) in three of the most conserved amino acid residues in the HDs of the TALE family. Point mutations were introduced to OSH3 (NC) to change 28N to Y and 51C to W by site-directed mutagenesis, and the resultant OSH3 (NC) derivative was designated OSH3 (YW). Both OSH3 (NC) and OSH3 (YW) cDNA were cloned into pGBKT7 vector and pGADT7 vector. The yeast strain Y187 was transformed with combinations of plasmids. For the 5-bromo-4-chloro-3-indolyl-b-D-galactoside (X-gal) filter assay, the growth of each yeast culture was monitored by optical density (O.D.). Equal amounts of yeast cells based on the O.D. value were blotted on 3MM filter paper by dot blot apparatus, and b-galactosidase activity was tested by X-gal as a substrate. For the liquid assay, the b-galactosidase activity was assayed with o-nitrophenylgalactoside as a substrate following the manufacturer's instructions. Protein extracted from yeast was separated by SDS-PAGE, and blotted onto a nitrocellulose membrane (BA-S, Schleicher & Schuell, Dassel, Germany). The membrane was blocked with 5% skim milk and 0.05% Tween 20 in TBS (50 mM Tris-HCl [pH 8.0] and 150 mM NaCl), and incubated with the anti-HA antibody or anti-Myc antibody at a dilution of 1 : 10,000. Horseradish peroxidase-conjugated goat anti-rabbit IgG (Bio-Rad, Hercules, CA, U.S.A.) was used as the secondary antibody at a dilution of 1 : 10,000. Signals were detected with SuperSignal ULTRA (Pierce, Rockford, IL, U.S.A.).
In vitro binding assay
[ 35 S]methionine-labeled OSH3 (YW) protein was expressed from a T7 promoter using an in vitro transcription/translation system (wheat germ extract) (Promega, Madison, WI, U.S.A.). E. coli strain BL21 pLysS (Stratagene, La Jolla, CA, U.S.A.) was transformed with the GST or GST-OSH3 (YW) construct. The OSH3 (YW) protein was induced by isopropyl-b-D-thiogalactoside (IPTG) in E. coli. The cells were suspended with 1´ PBS containing 1% (v/v) Triton X-100, and frozen and thawed for protein extraction from E. coli. The extract was applied into glutathione sepharose, and incubated at 4°C for 1 h. After washing three times with 1´ PBS containing 1% Triton X-100, the buffer was exchanged into a binding buffer [25 mM Tris-HCl (pH 7.5), 300 mM NaCl, 10% (v/v) glycerol, 0.1% (v/v) NP-40, 2 mM EDTA, 1 mM DTT, 1 mM PMSF, 5 mg ml -1 BSA]. GST-OSH3 (YW) protein bound to glutathione sepharose was incubated with [
35 S]methioninelabeled OSH3 (YW) protein at room temperature for 1 h. After washing four times with binding buffer, bound proteins were extracted by 2´ SDS-sample buffer, and separated by SDS-PAGE. A Fuji Imaging Plate was exposed to the gel. The image was visualized with a BAS2000 Imaging Analyzer (Fuji Photo Film, Tokyo, Japan).
Transformation of rice OSH3 (NC) and OSH3 (YW) cDNAs were cloned into a binary vector with the actin promoter (Sentoku et al. 2000) . Transgenic rice plants were made with the Agrobacterium-mediated transformation (Hiei et al. 1994) .
RNA extraction and Northern blot analysis
Total RNA was isolated by SDS-phenol extraction, followed by LiCl precipitation. Formaldehyde agarose gel electrophoresis of total RNA was performed using standard procedures (Sambrook et al. 1989) . The RNAs were blotted onto a Hybond N + membrane (Amersham Pharmacia, Piscataway, NJ, U.S.A.) and hybridized with 32 Plabeled OSH3 (NC) cDNA. Hybridization was carried out in 0.25 M NaH 2 PO 4 buffer (pH 7.2) with 0.25 M NaCl, 7% (w/v) SDS, 10% (w/v) dextran sulfate (Amersham Pharmacia), and 1% (w/v) polyvinylpyrrolidone K30 at 65°C for over 16 h. The membrane was washed in 2´ SSPE (1´ SSPE is 0.15 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA [pH 7.4]) and 0.1% SDS for 30 min at room temperature, and then 2´ SSPE and 0.1% SDS at 65°C twice for 30 min each. A Fuji Imaging Plate was exposed to the membranes for 4 h. The image was visualized with a BAS2000 Imaging Analyzer.
